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ABSTRACT
The Raman spectra of a series of monolayer-protected gold clusters were investigated with special emphasis on the Au-S modes below 400 cm -1 . These clusters contain monomeric (SR-Au-SR) and dimeric (SR-Au-SR-Au-SR) gold-thiolate staples in their surface. In particular the Raman spectra of [Au25(2-PET) 18] 0/-, Au38(2-PET)24, Au40(2-PET) 24 and Au144(2-PET)60 (2-PET = 2-phenylethylthiol) were measured in order to study the influence of the cluster size and therefore the composition with respect to the monomeric and dimeric staples. Additionally, spectra of Au25(2-PET)18-2x(S-/rac-BINAS)x (BINAS=1,1′-binaphthyl-2,2′-dithiol), Au25(CamS)18
(CamS=1R,4S-camphorthiol) and AunBINASm were measured to identify the influence of the thiolate ligand on the Au-S vibrations. The vibrational spectrum of Au38(SCH3)24 was calculated which allows the assignment of bands to vibrational modes of the different staple motifs.
The spectra are sensitive to the size of the cluster and the nature of the ligand. Au-S-C bending around 200 cm -1 shifts to slightly higher wavenumbers for the dimeric as compared to the monomeric staples. Radial Au-S modes (250-325 cm -1 ) seem to be sensitive towards the staple composition and the bulkiness of the ligand, having higher intensities for long staples and shifting to higher wavenumbers for sterically more demanding ligands. The introduction of only one 3 Thiolate-protected gold nanoclusters are small particles of a well-defined structure consisting of a densely-packed gold core surrounded by monomeric (SR-Au-SR) and dimeric (SR-Au-SR-Au-SR) gold-thiolate staples and sometimes other structural motifs. 1 They are an interesting system to study because of their size dependent optical, chiroptical and electronic properties. [2] [3] [4] [5] [6] Understanding the binding properties and structure of the Au-thiolate motifs, and the properties of the Au-S interface in general, is of importance for different research areas such as nanoelectronics and catalysis. 7, 8 It has been demonstrated for example that the Au-S interface is quite flexible.
Drastic rearrangements of the gold-thiolate staples on the cluster surface are possible at moderate temperatures as evidenced by the racemization of Au38(SR) 24 and Au40(SR)24 clusters. 9,10 Also, adsorbed thiolates can place-exchange between different symmetry sites.
11
Vibrational spectroscopy is a useful technique for studying gold clusters, particularly the structure of their Au-S interface. DFT calculations on small thiolate-protected gold clusters, with [Au25(SCH3)18] -having been so far the biggest system considered, predict different far infrared (FIR) and low frequency Raman spectra for different cluster sizes. 12 For the [Au25(SCH3)18] -cluster, the vibrations of the metal core (including its breathing mode) are predicted below 200 cm -1 , a S-CH3 bending mode at 174 cm -1 , a Au-S stretching mode at 242 cm -1 and the breathing mode of the staples at 269 cm -1 . Generally, the calculations predict a richer spectrum with more bands for Raman as compared to far infrared.
Experimental Raman spectra were reported by Price and Whetten 13 17 Line broadening in the crystalline state due to ligand-layer coupling was observed as compared to the cluster in solution.
To our knowledge, so far, no systematic study on Raman spectroscopy of the gold clusters was published. Complementary to our previous far-infrared study we here present the Raman spectra
0/-, Au38(2-PET)24, Au40(2-PET)24 and Au144(2-PET)60. Additionally, spectra of
(CamS=1R,4S-Camphorthiol) and AunBINASm were recorded to investigate the effect of the stabilizing ligand. Additionally we performed a calculation on Au38(SCH3)24 in analogy to the series of small clusters calculated by Tlahuice et al. 12 for supplementary comparison with the experimental spectra.
METHODS
The synthesis and size separation of the different clusters was conducted following earlier reports [18] [19] [20] [21] [22] and details can be found in the electronic supporting information (ESI). All clusters were characterized by UV-vis spectroscopy and MALDI spectrometry to confirm purity (ESI Figure S1-3 ).
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   5 All spectra were measured on the SCP-ROA (scattered circular polarization -Raman optical activity) instrument developed by Hug and coworkers. 23, 24 Measurements of Raman spectra of gold nanoclusters are non-trivial as the clusters are rather weak scatterers. They absorb strongly in the visible region and thus the laser light at 532 nm used for excitation leads to strong local heating which can destroy the clusters. Therefore a compromise between laser power and signal intensity had to be found. A laser light intensity of 8 mW was chosen while the sample, which was deposited on a glass plate, was rotated at about 3000 rpm to prevent the sample from decomposition from excessive heating. Measurements were performed in back-scattering geometry. The mean spectral resolution is 7.8 cm -1 . This instrument with its fast optics and the detector with a very high sensitivity is advantageous for weakly scattering samples due to its high signal to noise ratio. Also, there was enough space in the focal region of the instrument to introduce a rotating sample holder.
In order to coat the glass (cover slides, 15 mm, MENZEL-Gläser) the clusters were dissolved in dichloromethane, and methanol was added for a lower surface tension leading to more homogeneous coating. To exclude artifacts, for the series of 2-PET stabilized clusters at least three glass cover slides per sample were prepared; each was measured at three different positions. For the other clusters, due to low sample amounts available, only one glass slide was prepared and measured in three different positions.
The spectra obtained show small signals on top of a strong background which has several origins, the most important being fluorescence, back reflections of scattered light from the sample holder and the spectrum of the glass support. An example of a raw spectrum is shown in the ESI ( Figure   S4 ). The background is poorly reproducible due to differences in coating and different sample positions. No simple subtraction or fitting method could satisfactorily remove the background.
Therefore, we opted for a rolling circle filter (RCF). 25 First, an adequate diameter of the circle had 6 to be found. Two main criteria should be met: The diameter must be significantly larger than the width of a Raman band (or overlapping neighboring bands). Additionally, the circle has to be smaller than the usually broad background features. The broadest band in the spectrum is around 100 cm -1 wide; the background features are wider (> 200 cm -1 ).
For practical reasons, the spectrum is converted into a quadratic matrix in dimensionless space.
The resolution of the spectrum is slightly wavelength dependent and corresponds in mean to 2.3 cm -1 per pixel; hence a width of 100 cm -1 corresponds to about 43 points. To prevent the circle from entering the bands of interest, we chose a diameter of 80 points.
Further, a cutoff parameter below which the spectrum was discarded had to be chosen. This is necessary to prevent the circle to be held back at the steep optical filter flank which would result in an incomplete removal of the background for low wavenumbers. The cutoff parameter was set at 163 cm -1 .
Additionally, we chose to interpolate linearly between the measured points. The reason for this is the low horizontal resolution of the CCD detector, which otherwise determines (without interpolation) the number of elements of the quadratic matrix. The shape of the circle formed with such a low number of points (at the original spectral resolution) would not be a smooth arc; the resulting polygon shape could not remove the background completely. We chose to interpolate linearly with 20 points between each spectral data point. All spectra were treated with the same parameters to assure good comparability of the spectra. After applying the described filtering procedure to remove the broad background features, the spectra were well reproducible for different samples of the same cluster and at different positions on the same glass slide.
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The Journal of Physical Chemistry To facilitate band assignment, the Raman spectrum of the Au38(SR)24 cluster was calculated.
The structure of the cluster was optimized with the program package TURBOMOLE, 26 version 6.4, by means of density functional theory (DFT). Due to the very high computational effort, all 2-PET ligands in the structure were replaced by methyl groups and a small basis set, SV(P), 27, 28 had to be chosen. Furthermore, a quasirelativistic pseudopotential 29 was employed for the Au atoms. Since the BP86 density functional 30, 31 has been found to perform well in static frequency calculations, [32] [33] [34] [35] it was used in all calculations together with the corresponding auxiliary basis sets 28, 36 needed for the resolution-of-the-identity density-fitting approximation. 37, 38 The quantities to predict the Raman spectrum were calculated in the double-harmonic approximation 39, 40 employing the MOVIPAC 41 program package in combination with electronic energy gradients and the electric-dipole-electric-dipole polarizability tensor α obtained from Turbomole (for sake of brevity, we will refer to the electric-dipole-electric-dipole polarizability simply as polarizability in the following).
Turbomole's ESCF module 38, 42, 43 was utilized for the computation of the static polarizability.
The second derivatives of the electronic energy with respect to the nuclear coordinates were calculated numerically by MOVIPAC 41 via a 3-point central difference formula. 44 The step length in the numerical differentiation was set to 0.01 bohr.
The predicted Raman spectrum was obtained from the current development version of PyVib2-2.0, 45 soon to be released, by combining the quantities obtained from MOVIPAC, i. e. the Cartesian displacement vectors Lx and the Cartesian gradients of α. 46 The bands were plotted using six
Gaussians with isotropic and anisotropic FWHM of 3.5 and 10.0 cm -1 , respectively. The same program was used to visualize selected normal modes in their atomic excursion representation. 
RESULTS AND DISCUSSION
Our instrument is able to measure a spectral range of 170 -2400 cm -1 . Therefore we can study Au-S related vibrations on which we will have a closer look, and vibrations of the ligand residue which are largely unaffected by the cluster size and thus of smaller interest. Nevertheless, sharp bands at 1600, 1210, and 1000 cm -1 associated with a combination of C-H ring bending and wagging modes, 47 can serve as reference to estimate relative intensities.
Influence of the size and structure for clusters with the same ligand
The structures of the anionic and the neutral form of the cluster Au25(2-PET)18 were obtained by single crystal X-ray diffraction (XRD). An icosahedral gold core (Au13) is surrounded exclusively by six dimeric gold-thiolate units with some distortions in the reduced form, probably due to the presence of the counter ion in the crystal. 48 The structure of Au38(2-PET)24 is also known from single crystal XRD. A bi-icosahedral Au23 core is covered with six dimeric units (three at each pole) and three monomeric units (at the equator). 49 So far, no crystal structure of Au40(2-PET)24
could be obtained. However DFT calculations were performed. Häkkinen and coworkers published a structure based on a core build up of two icosahedra with four long and six short staples. 50 Another theoretical structure was recently published by Jiang. 51 According to this, the core is protected by six long and three short units. The structure of Au144(2-PET)60 was predicted by
Häkkinen et al. 52 An Au114 core is protected by 30 monomeric gold-thiolate units.
Our series contains clusters protected only by long units (Au25(2-PET)18), only by short units (Au144(2-PET)60), and mixed shells (Au38(2-PET)24 and Au40(2-PET)24). Additionally to the different cluster sizes, the spectrum of the free ligand was measured (in liquid phase contained in a capillary) as well, so contributions of the ligand to the bands assigned as gold-sulfur interactions Page 8 of 27
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 can be excluded. The low-frequency region, in which gold-sulfur vibrations are expected, is shown in Figure 1 . Note that the Raman spectrum of the counterion of Au25(2-PET)18 -, tetraoctylammonium, has no prominent bands in the region below 600 cm -1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 we can observe is the Au-S-C bending at 175 cm -1 which was also reported by Murray et al. 14 between 220 and 350 cm -1 ; the latter at higher wavenumbers and with very low intensities. 12 In the experimental spectra (Figure 1 ) it can be clearly seen that the ligand shell strongly influences the (Figure 1b) can directly be compared to the Raman spectrum calculated by DFT. 12 One has to bear in mind though that in the calculations the S-CH3 ligand was used, whereas in the experiment the 2-PET ligand was present, which could lead to changes in the spectra due to the different reduced masses of the normal modes and steric effects We calculated the vibrational spectrum of Au38(SCH3)24. Figure 2 shows the Raman spectrum of the low wavenumber range and a schematic presentation of characteristic vibrations. The structure of the cluster is shown in Figure 3a ; the representative normal modes in the excursion representation (Figure 3b -f) correspond to the highlighted staples. An assignment of bands is provided in Table 1 .
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Contrary to this, the wavenumbers we refer to in Figure 3 correspond to the vibrations of chosen staples.
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The spectra of Au25(2-PET)18 0/-and Au38(2-PET)24 are quite similar, both experimentally and calculated. The reason for this is likely the presence of long staples on both clusters, which, according to the calculations, dominate the Raman intensities.
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The spectrum of Au40(2-PET)24 is comparable to the one of Au38(2-PET)24. Both clusters have a mixed shell with short and long staples. All bands lie at similar wavenumbers and have similar intensity.
For Au144(2-PET)60, the Au-S-C bending at 195 cm -1 is shifted to significantly lower wavenumbers as compared to the other cluster sizes. The cluster contains only short staples whose bending is predicted at lower wavenumbers as compared to long staples. The bands at 280 and 320 cm -1 have a lower relative intensity with respect to the Au-S-C bending vibration at 175 cm -1 and to the reference bands of ligand vibrations when compared to the other clusters studied. This finding can also be explained by the absence of dimeric staples whose radial vibration is the origin of the strong bands around 300 cm -1 for the other clusters. The weaker bands in this region are assigned to radial vibrations of short staples which generally have a lower Raman intensity than those of the long staples.
We previously discussed 15 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 might play a role for the conformation of the ligands, which is not necessarily the same in the dried films and the crystal structure.
Influence of the ligand for clusters of the same size
The Au25(SR)18 cluster was chosen as a system to investigate the influence of the ligand on the Au-S vibrations. Additionally to the above discussed Au25(2-PET)18 0/-we also investigated the 1R,4S-camphorthiol (CamS) stabilized cluster and further exchanged both, the neutral and reduced 2-PET stabilized cluster, with S-and rac-BINAS. The clusters exchanged with BINAS were further compared to purely BINAS protected clusters of an unknown size. The synthesis procedures were described earlier. 21, 22, 53 For the camphorthiol stabilized cluster, the Au-S-C bending at 178 cm Note that the spectrum of the free ligand does not overlay with Au-S vibrations and therefore the observations described above are not disturbed by the spectrum of the ligand. For these clusters the band corresponding to Au-S-C bending experiences a slight shift to higher wavenumbers (218 cm -1 ) and is generally more defined and higher in intensity. Apart from this, assignments are difficult without additional theoretical calculations.
It seems that the bands at 282 and 315 cm -1 observed in the Au25(2-PET)18 0/-cluster are maintained; the latter is now only visible as a shoulder of a rising Au-BINAS band. All other bands are similar to the spectrum of the purely BINAS stabilized cluster of unknown size. Subtle differences can further be observed between the spectra of the two oxidation states; mainly the bands at 282 and 315 cm -1 are better defined for the neutral form. This is likely due to the lower 20 number of exchanged ligands. These findings are supported by UV-vis spectra -which are less defined for the exchanged species of the reduced form -and the CD spectra -which is stronger for the reduced form (ESI Figure S2 ).
Basically no differences can be observed between the spectra of the clusters exchanged with S-BINAS and rac-BINAS for the same oxidation state, which can also be regarded as a confirmation of the reproducibility of the applied procedures. The general higher intensity in the latter case can be explained by a thicker coating on the glass, which led to higher intensities. The presence of molecules with the same or with opposite handedness on the same cluster may lead to different spectral signatures, which is however not observed here.
It is apparent that the introduction of BINAS to the Au25(2-PET)18 0/-cluster has a tremendous effect on the Au-S vibrations. This is astonishing as on average only one (neutral form) or two (reduced form) BINAS molecules are introduced on the surface. The drastic change in the spectrum is ascribed to the binding properties of the BINAS ligand. The bidentate thiol is expected to bridge staple units 22, 54 thereby causing a distortion of the Au-S protecting units and rendering the Au-S interface more rigid. 55 This seems to have a drastic effect on the normal modes localized on the Au-S bonds.
CONCLUSION
This report presents a systematic study of Raman spectra for different sizes of the well-known 2-PET protected gold clusters. With the help of previously reported calculations on Au25(2-PET) 18 and new calculations on the Au38(2-PET)24 cluster, the Au-S-C bending and the radial Au-S vibrations were identified to reveal information on the surface structure of gold clusters. It is evident that the type and number of gold-thiolate binding units influence the spectrum. show a band in between these values. The shift seems to be largely independent of the ligand type.
The radial vibrations are also sensitive to the surface structure, but no clear trend could be identified in the experimental spectra to differentiate between monomeric and dimeric staples.
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